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Abstract

The effects of pellet injection and gas puff refueling have been otud.ied in the ZT-40M

Rev.rsed Field Pinch. Multiple deuterium ptllet~ (~ 6x 10]9D atoms/pcUet ) with velocities
ranging from 300-700 m/@ec have been injected Into plasmns with & % 1-5x 101em-s,

b ~ 100-250 kA, T.(C) ~ 150-300 eV and disch~ge durationo of ~ 20 msec, Photographrn

and an array Da detectorm show sub~tantid deflection of the pellet trajectory in both the

poloidd and toroidal phneo, due to asymmetric ablation of the pellet by electrons streaming

along field lines, To compmoate for the pololdal deflection, the injector was moved up +14
cm off.axim, allowing the pellets to curve down to the ntidplane, In this faddon, central

pemking of the pelh!t density deposition profllt can be obtained. Both .Iectron and ion
temper~tures fall in re~pome to the density rise, ouch that @t(Pt = fi, (TC(0)+ Ti)/{J@(r)~’)

remains roughly ccmctant. Energv cordlnement is momentuily degradml, and typically

● decrease in F (F E l?4(a)/(B4)) it ieen ●s magnetic energy is convert.d to plantl~n

mergy when the pellet ablates, AO s remdt of pellet injection at 1+ = lbO kA we observe

T,(O) a n, ‘ID*’, while the hel.icity baaed reslstjvity q4 transiently variet R8fl,7*’, While

the ac.hievernw]t ofconter. pesked density proillet jI possible with pellet ir@ction, gas pu.lllng

●t rates ttrong enough to show s 60% Increate in h, ovor a period of 10 msec (N 160

torr”litret/see) leado to hollow denc!ty profl.lee, The refuding r.qu.iremento for parmneters

expected in the next generation RFPo (ZTH, RFX) can be extrapolated from these data

using modMed tokamak pd.kt ●blation cod~s.

I. Introcluction

Since tl]~ operation of tl:e first modcrl) m~tal-walkci RFP [1], and tht usc of ac.

tiw power cruwbar circuits to su~tain the RFP collfigllration [2,3], fllr control of

clci]tity has b~con]~ an iuo~lc, To zero’A orclcr, thio in achicvfd t]lrougl) octting th~



initial fill pressure, which defines the plasma density for times immediately after

plasma breakdown. However, in all RFP’s the density typically falls a factor of
5-10 from its peak initial value, usually leveling out, or slowly decaying in time

for the remainder of the discharge, This phenomenon is referred to as “density
pumpout”, and is determined by a balance between particle confinement time and

particle recycling to the vacuum vessel wall. A net of reference waveforms from
a standard ZT-40M[4] discharge is shown in Figure 1, where pumpout is clcar,y
visible in the interferometer density trace. The choice of material for the first wall
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Figure 1: fipical /?attop ZZ’-JOJII wavc)orms, in lhc ab#cncc of anti fflorld U( den.

~ity control, Note the mpid pumpout of dcn~ity initiallv, followr~ 6V a gruduol
decav, Cimuii~ werr fired at t=ff msec 10 iermina(r the ~hot.

(for ●xan)plc, whether graphite or Incond) will clearly have an importnnt effect on

recycling coe&icients and hydrogen retention, and hence the density tinle beh~vior,

but we take ●s a baseline cace a dominantly nletal-wallet! d~vire, the most commol)
situation in ●xperiment to date.

We describe methods and techniques that have b~cn found to be ~ucc~osful !n

giving the RFP opezator an i,ldependent measure of control over the plasma dcn~it y,

a~ld document the plasma response, Individual occtions covm wall conclitiollillg,

gas puffing, ant-l pellet injection, wit]) principal cnlphasiO on ncw raults from pellet

injection, In cloning, ●xpectm-1 refueling requiren~cnte for ~lie next generation) RFFo

(ZTH and RFX) are dilcussedi



II. Wall Conditioning

It is well known that the condition of the vacuum vessel wall affects plmma impuri-

ties, and particle recycling. Long term cleanup occurs after a vacuum opening, and

the first few discharges of the day are clifler:nt than those later on in a sequence

of shots. Standard tokamak cleanup techniques, including glow discharge, pulsed

discharge chning (PDC), and carbonization of the vemel walJ, are used in RFP

operations. Even after the wall is ‘cleann, the wall haa some memory of previous

shots. Changes in the initial fill pressure often result in a hysteresis effect on the

plauma density, taking several shots to stabilize. Likewise, it haa been noted on

ZT-40M, that heavy gaz puffing results in subsequent shots being noticeably less
reproducible wit h regard to density waveforms and equilibrium positioning.
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Figure 2: Effecis of Pul~rd di~charyc conditioning on two condccutive round.lop
di;chaqea. Electron denbit~ and current are higher, while dofi z~mv emisdion,

mdiated power, and electron Iempemlure are lower, at ~.~-~.g ms,

By incorporating pulsed discharge cleaning (at J-1 Hz rep rate, ~ 30kA,

% lmnec duration) for 45-90 oecondn between normal RFP discharges iu the com-

puter controlled ZT-40M shot cycle, we have been able to “erase” the wall’s men]-

ory of the previouo high current R FP pulse. An added benefl(, was an increauwl

plasma dencity (at the same initial fill premtre) for up to N u mrnec into the plasma

diecharge. Figure 2 compares shots befor~ and after the application of PDC! inl-

mediate]y prior to the main discharge, PDC results in lower absolut~ levels of

oxygen impurity, a higher final current for the same capacitor bank eettings, a re-

cluccd resist ivity anomaly {actor, and improved ●lectron cnwgy con fillement t in]c,

●ven though the on- axis electron temperat urc is subst antial]y Iowcr thnn wit IIout

PDC[4], By running the PD(2 at different fill pressures, varying aIl~ou*Ita of hydro-



gen can be ‘preloadedn into the Inconel vessel wall, whirl] conseq~lmf Iy c1 ~nges

the plaama density during the shot as it is “unloaclcdm into the discharge by plasma
bombarciment. Alternatively, ‘sacrificialn high pressure shots can be fired before

the “good RFP” shot, to achieve a similar wall loading effect [5].

In contrast to a metal wall, a full graphite wall haa significantly different hy-

drogen retention properties[6]. On a shot to shot basis, OHTE with full graphite

armor[7] experienced little or no control over the actual plasma density. The ap-

plication of PD C to a relatively small percentage coverage of room temperature

graphite in ZT-40M can excessively load it with hydrogen. However, our expe-

rience with limited armor coverage indicat ●s that glow discharge can unload the

hydrogen from the graphite. Operation after deposition of -- 40 monolayer of

carbon (via glow discharge in a D2 plasma with a few percent mclhane), so-called
“carbonization” , proved to be intermediate between metal wall and 100To graphite

in its eflect on density[8]. Sustained elevated wall temperatures and careful hot

sequences will be required in the next generation graphite-walled RFP’s to control

the density.

III. Gas Puffing

Gas pufling experiments have been performed on the longer ;LISP length RFP’s
(ZT-40M and HBTX) for n nuinber of years. Even with fast acting pi~zoelect ric
valves, flow rise tim?s at the vacuum vessel liner are several milliseconds, as com-

pared to a discharge length of -10-20 maec. Consequently, active fe~dback control

of density (as is typically done in tokamaks), is not practical, Acldifional:y, ;JFCEIUS6

of the relatively short particle confinement times (Tp z 1 msec), large gas flows

of order 100 torr-1/sec are required for significant, plasma density responee. To @

reproducible results, the g~s puff refucliug should dominate the walls as a fueling

source—no ●a8y feat in relatively bmal], short. pulse lcngt h devices.

In ZT-40hl, four fast gas puff valves, one in each machine quadrant, haw been

used to raise the line average density by up to a factor of two in the later half of the

discharge, with total flow rates of * 200 torr i/oec, Three 130 kA Ohots, the first
with no gas puffing, are down in Figure 3. A delay of 1-2 meet between the electri-

cal pulse to the valves, and the actual plasma response, is noticeable, The density

rine correlates well with amplitude of !lIG local Da detector near tlw pIIff valv~(m).

It has been postulated that low density (high I/N) can cause instabilities leading to

current ternlination[9], but it is clear that too high an ●dge density brought, nbouf

by ●xcessive gas puf?ing (with correspondingly low electron temperature) is equally

dangerous, leading to a loss of field revero&!, and then t~rminaticmt Sometimm

when this hnppens a low current, IOWfield, high q tokamak discharge persists for

1-2 nlilliseconds, after the lose of rwersal

The neu(ra] source remains highly localized ioroidally, as lneasurcd with local
and remote Da detectors and photost Vv’hcn the va]vm are shut off, the rising

density flattens out, before the ohot t~rmination, Evm with PDC Mwren allot u,

chol-to-rnhot rqroducibility is imperfect with gns puffing, This son~ctilnee currelatm
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Figure 3: Line avernge ●lectron denditp re+wn~e to warping arnounta of gm pufing,
Center chord denoted 6P the light line, edge chord 61 hraqt line. The denditv Dro$le
becomed edge peaked aa a result of thepufing, late in the discharye. Flow ~en~or
at one gaa pufl valve mpredenta pufl timing, while local Da monitor in that toroidal

~cction ~howa the fueling mtc at that toroidal location. Marimum mtc pcr t~aluc ia
60 iorr-lldec, with three valved in uae here.

with equilibrium positioning or variations in gas delivery by the valves (monitored

at the va.ive), but is not fully understood, As timescales become IGnger in larger
machines, distributed gas puffing should become more ●ffective, but maintaining a

center-peaked electron density profile with gas puffing may be challenging.

It has been observed in a number of machines[lO,l 1,12], that the poloidai elec-

tron beta, ?.,, it highest towards the low ●m-l of the I/N operating window. It is

also the case in flattop discharges without explicit density control, that the ●lectron

●nergy content (as measured by n,(0) T,(O) or ff, T,(O)) iu usually higher enrlier in
time, compared to later au the density decays. While this could b? an I/N eflect,

it could also be due to increasing impurities or progremively worse field ●rror~ as

the magnetic fields penetrate into the conducting dell. The fidd vror possibility

io eliminated (at least temporarily) in gas puff discharges, where the I/N can be
lowered up to a factor of two, while holding the toroidai curreut fixed. Figure 4

compares 180 kA diechargeo, with and without gas puffing, using central Thom-

oon scattering for T’ and iirle average denoity fl,. The elec!ron beta appears to be
marginally higher with pufling, subject oi couroe to unmeaturcd profile changes and

errors. ThitI is not to cay that the true poloidai beta iu necewarily changd, since

an Merpretation of a beta dependence on I/N is subject to changes in ratio TI/7”,

usually a poorly meaoured quantify in RFPs to-date, This is discussmi in the other

ZT-40M pnper[13] preeen~ed at this School, where cviclence points to a ~/T, ratio

dependence on the parameters I/N and t?.
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A natural choice to obtain peaked density profiles as the neutral particle pene-
tration depth decreases in hotter and denser plasmas, is to use pellet injection to

place the fueting source near the center of the plasma column. While this has be-

come routine in tokamak plasnlas[14], it has only recently been attempted in RFP

plasnlas[15,1G,17]. Tokamak pellet ablation modeling applied to RFP parameters
underestimates the size and vrlocity requiremwt.e, and surprises occur in the pellet

trajectory. The discussion begins with on-axis injection results and photos, contin-

ues with theoretical modeling, off-axis injection for density peaking, details of the

plasma response, and ends with projections for ZTH and RFX requirements.

a) initial Experiment: Midplane Launch

By modifying the Alcator C pellet injector for usc on ZT-40M [18,19], hydrogen and

deuterium pellets have been launched into the ZT-40M RFP. Initial results showed

primarily ●dge deposition, as the pellet trajmtory closest approach to the axis was
typically z 7 cm, when the pellet was small enough or slow enough for complete

ablation [16]. The unexpected problem arose from large poloidal deflection of slow

pellets (300-500 m/ccc), or ovcrpenetration at low currents of relatively otraight

tx ajectory fast pelletO (500.,700 nl/Oec). A 6-channel fanned Da array[20] first

indicated the poloidal deflection! under tha assumption of constant peilet sp~ed in
the plasma, Typical density responses are shown in Figure 5, where central (O cm)

and “edge” (+12.4 cm) FIR density traces during multiple pellet injection show

edge peaked deposition at 14 = 120 kA, and only moderately peaked density at

180 kA. The time response of !he FIR interferonmter is ~ 30kIiz, and it does not
routinely track the fast initial p!asma breakdown startup spike. The four barrels

of the injector have a 1 cm vertical separation, and w? denote them au #1 through

#4, from top to bottom. ZT-40M

first learning to run the injector with

is usually operated in deuteriulll, and after

hydrogen (which ia ensier), w now routindy

G
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Figure 5: Inter/eromeier dendit~ reaponae to multiple pellet~, midplane launch. At
Id = 120 kA, the edge chord riae~ higher, and more quicklp than the O cm ceniml
chord (dark line), while at higher current, pellet depoaiiion i~ more centml,

use deuterium pellets, because the 1001 liquid helium dewar lasts longer ~about 8

hours).

Time integrated top view photos show ablation tracks which curve in the local

electron drift. direction toroidally. In the photo Figure 6, two curving pellet tracks

are visible. The dark hole in the center of the photo is the bottom central port,

while the lines looking like ripples are the bellows convolutions, The two dmk

bands are two split poloidal graphite ring limiters, of which there are a total of

eight. around the torus. At first glance, the radial penetration (just past the center)

of the pellets appears quite satisfactory, but in fact the pallets almost hit the bottom

of the torus due to a strong poloidal deflection downwards, Reversing the direction

of Id reverses the toroidal deflection, while reversing B~ changes the direction of the

poloidal deflection. Only 1/3 to 1/2 of the pellet inventory is observed as plasma

density, consistent with ongoing plaema losses during the ablation process. This
is substantially better than the factor of 20 loss during gas puffing over 10 mom
timescales, while both results are consistent with ionized particles being lost to the

wall, and not returning on timescales of the discharge.

b) Ablatlon Modeling

A number of models have been developed over the years to describe the ablation
of a cold dense hydrogen ice pellet in a plasma, These range from a simple neutral

gas Ghielding cloud [21], which assumes that energy is carried to the pellet by a
mcmoenergetic beam of ●lectrons, to multi-elcct,ron group self-limiting models[22,23]

where a more realistic incident energy flux is used, and magnetic shielding of the

pellet by ionized ablatant is included. Self-1imiting refers to the use of ●nergy

conservation in flux surfaces on pell?t transit timescnles, so that the population of
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Figure 7: Multi-electron group Milora.Fodter mode! prediction of deuterium pellet
ablation rate for three diflerent pellet velocities, using typical ZT-~OM plaama pa-

mmeterd, T.(O) = 250e 1’, nt(0) = 3 x 10’3cn~-s, parabolic pmjlle~, but with edge
tempemture and denait~ of SO e V and 5 x l()’zcm-s, Thermal ablation onl~. The
pellet mdiu~ i~ rwl = 0.5 mm, and had a content of $.09x I@” atoms.

electrons responsible the ablation may become depleted as the pellet ablates. Using

assumed parabolic density and temperature profiles, with self-limiting turnd off,
the Milora-Foster code predicts ablation rates shown in Figure 7. For the case of

a tokarnak, it is usually assumed that, on the timesca]e of the pellet aMation, the

Ohmic or Beam input energy is small compared to that already ill the plasnla—

hemce the self-limiting model. In the absence of an accurate energy input model

for an RFP, where ohmic input and pellet ablation timescales are nearly identical,

we find better agreement with the ●xperiment to leave self-limiting off— the effect

being to ablate into a ‘fixed” plasma profile. More careful ●xamination of the data

shows that this is not truly the case, but that additional ablation (beyond thermal)

is required in the edge region.

Slideaway electron populations have been loosely documented in TPE-lRM,

HBTX-1 B, and ZT-40M via SiLi soft x-ray spectra[24,25,26]. The presence Indeed
a tail population at the l% concentration, with 10x the local T, has been directly

measured in the extreme edge of ZT-40M[27]. The presence of a directed ●lectron

flux along magnetic field lines has a dramatic ●ffect on both the pellet ablation rate,

and the subsequent pellet trajectory due to differential ablation.

To explain the pellet trajectories, we have ●mployed a phenomenological model

of reaction thrust exerted on pellets that ablate non-uniformly over their surfaces [28].

An unbalanced ●lectron flux flowing anti-parallel and parallel to the magnetic field

lines in a current-carrying plasma results in differing ablation rate from one siiIc

of the pellet to the other. This model has successfully simulated the qualitative

and quantitative features of the observed pellet trajectories, and also predicts a

dependence of the deflections on the parameter Id/Nof the targei IIIFIsmn.

n



One may readily show that. a single-component, drifting Mnxwellian elect ron

distribution with drift parameter ~ = 0.1 yields an energy flux that is 4070 largm
on the electron drift side than on the ion drift side. If a 2.-3% electron lail population

at 4 x Vtbr-l is present, the asymmetry exceeds 2:1, and the total power delivered

to the pelJet is 60% higher than that from a simple thermal plasma alone. Figure 8

shows calculated top and side views of pellet trajectories for different asymmetry

factors, and three types of launch positions —horizontal ruidplane, high side, and

an upward angle or %ki jump deflection. Orientation of B~ and 1* on axis is
clockwise viewed from above, while pellets enter from the right. This case ~sumes

pelhts with Vml = 500 m/8cc, rvl = 0.7 mm, are tossed into a representative force
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Figure 8: Simulated top and ~ide views of pellet tmjeciorics. (a) hlidplane launch,
two different o~ymmetrp factord, 1.5:! and 9:1. (b) Comparison of ezpected high

dide launch tmjectorv with midplane “dki jump “ tlpwardd initial irajecior~ of 20°.

free RFP magnetic configuration. In this simple approximation, the ablation rate,

asymnmt,ry factor, and the ●ffective ejection speed[21] U. = 2.5 x 106cm/u of the

ablatant are all held constant in time and space. In (a), the strongly deflected pellet

has ~il + A~a = o.43g/8, nil; hia:: 3: ~, while tl?e other has ~11 + il~a = 0.25g/s,

with only a 1.5:1 asymmetry ratio. Ail and Ma denote the rates of ablatant

ejection parallel and anti-parallel to the local magnetic field. The deflections are

always in the electron drift direction. Case (b) shows that the core of the plasma

might bc accessible by “dropping” the pellets from a high side launch, or “pitching”
them in at an upward angle from the midplane positiou. we also expwt from this

model, that, reducing the drift parameter, or removing a possibl~ fast dcctron tail,

will rmult in a reduction in the pellet deflection. In this fashion, th? first pellet

fired into the plasma may act as a shield for mbsequcnt yll~ts, dqleliding on the

.,@

10



titing betw=n sequential pellets and tinmscales for r~gen~rat ion of fast dmt rcms.

c) Off-axis Launch

In order to obtain on-axis peaking of the plasma density profile during the pellet

ablation, it was clear from the experiment that we needed to reorient the gun, or
suppress the pellet deflections in the plasma. To better aim the pellets for the

center, as the remdt of predictions of the above described asymmetric ablation

code modelling, we moved the gun to a high side launch position, +14.3 cm above

the axis, in a 5 cm diameter horizontal side port. A tingle large pellet is shown

in Figure 9 executing a 90° turn when viewed from above, while the resulting

denoity trace (Figure 9(b)) hau &long central chord density decay time, compared
to the rapid ●dge density decay. The curvature is consistent with the electron drift

direction in the plasma core. In a eimilar nhot, shewn in Figure 10, the tangential
view is available M the pellet is deflected downwards to the axis,

Unfortunately, the port is somewh~t higher than optimal, resulting in the pellets
coming in almost tangent to the plasma magnetic field reversal layer. Some pellets

are observed to stop in the plaama without deviation. Others are actually men

to deflect upwards (very unusual), and at the same time in the opposite direction

toroidally as normally observed. This indicates that such a pellet spent most of

its life outside of the reversal layer, where ●lectron flow is ;n the opposite toroidal

direction. The upwards deflection can only be accounted for by the effects of ab-

lation into a mteep plasnm profile gradient, as the poloidal electron flow is thought,
to be unidirectiwml. B: tilting the injector downwards 6.5° at the kigh side port,

the reversal layer could be avoided more often, and the pe~et has a longer possible

path length through the plasma. This resulted in the observed frequency of peaked

density deposition profiles going from only * 10% of the time with the old miclplane

position, to nearly 5070 for thin new launch technique.

d) Midpkne ~~ski JUIIIp” Launch

More recently, the injector waa repositioned back to the horizontal miclplane, but
with the addition of a sloping 8° deflector plate, to act as a pellet %ki jump”,
with the intent of launching pellets upwardb by elastically reflecting off of a room

temperature ctainlem cteel surface. At 400 nl/~ec, the pellets should remain intact,

and bounce upwards at +16° near the plasma ●dge. The lower two barrels (out of

four in the gun) should shoot pellets onto the plate, while the upper two should nliss

it most of the time. Up to 7070 of the pellets show central density peaking in this

configuration for 150 kA @hots. Ueually, the two chord FIR shows that the initial

density profile is maintained throughout, the ablation process, in sharp contrast to

the flat or hollow profiles reported for horizontal launching[lo].
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A gated intensified CCD camaa viewing tangmtially is used to makcin situ

pellet cloud intensity, velocity and position meaaurementa, examplm being shown

in Figure 11. By gating the camera on for 5psec repetitively every 100psec, images

of the pellet in flight are obtained, and read out immediately with a PC AT frame
grabber. The dice of a spherical mirror used to obtain the tangential view rmulta

in some distortion, which is correctable ~sing a straight ruler lowered into the
torus for calibration purpoms. In spite of the deflector plate, the pellets still curve

downwardc, although when distortion of the spherical viewing mirror is accounted

for, the minor axis waa miesed by only a few centimeters. It is clear from the

images that the strong poloidal deflection takes place in the edge. Pictures also

show extremely intense Da light near the plasma ●dge, peaking at radii of 17-

15 cm, and then falling through the plasma core and inside radius. This is contrnry
to the time history of typical tracks in tokamako[14], and indicates a substantial

contribution to the pellet ablation must come from a nonthermal population in the

RFP. Additionally, pellets which are highly curving are observed to ●xperience a
velocity increase of * 30 - 40% over their initial launch velocity, in substantial

agreement with predictions of the rocket ablation model. Pellets launched from the

miclplane which have “straight” tracks show little speed change,

Often, in the inner and outer ecigc region, a ‘(comet tail” of De light is seen in the

tangential images ●xtending poloidally away from the “electron wind”, appwrent]y

along field Lines. Occasionally, top view pictura show similar tails, but this time

in the toroidal projection for the central plasma regions. Both observations are

consistent with asymmetric ablation by electrons along magnetic field lines,

e) Plasma Response to Pellets

With pellet injection, the loop voltage increase is comparable to the toroidal cur-

rent decreaae (usually * 5Yo), but a substantive] tranoient increase in input power

to the p!asma comes from an expansion or the plasma column (weakening of the

field reversal), sometimes as much as duubling the input power. Soon after the

pellet is in the plasma ●dge (At ~ 30 peec after the initial rise in Da ), the central

eoft x-ray flux beg:nt to fall, and a decrease )n the central el~ctron tempera{ ure is

men bejore the clenoity rise is observed from the pellet. Momentarily at least, three

important variablec— fi,, T,(O), and TE, are all degraded. Prelhninary inferences

from a continuum bremmtrahlung “Z-n~eter” [29] indicate a substantial inlprove-

ment in Z,tt, however not enough to prevent ~11illcrease~ re~i~t~vity~AS fueling
overcomes a momentary decreace in rP, the denuit y increases rapidly, and the drop
in electron temperature develops further, l%om the time of maxhnum density, and

during its dec~y, the &ls M high or perhaps clight ly higlwr than pre-pellet Iev.

eh. By 1-2 maec after the pe~et density maximum, the plasma recovers pr~-pellet

elect ron temperature, density and resi~tivit y levels, but with noticeably lower aoft

x-ray flux, Vertical and horizontal ●quilibrium fhlcl fmlback mmiro] oystems often

respond dramatically, but irreproducibly to the pellet n, On the whole, the plasma is

remarkably resilient to very large density risen (4tf//l ~ 0), without ca(aofrophic ef.



Fiuure 11: Time wsolved tan~cniially viewing CCD Da cumcm imagc~ of pcllct~
latlnched at the midplane with “~ki jump”. The camera is gafni on for 5 pscc ctw~y

100 II~cc. (a) Calibmiion image, with ~,8 cm wide , vcrliral mcial ruler in the torus,

Dark ‘tic’ markt, 1.$ cm wide, are ~paccd ctwry 3 cm, (b) $inglc dcuicrium pcllt(,

~hoi $90106 with upwandd launch angle o~ $-l&’, but ~till dtflccicd ~oumwartid,

rniwing iht arid 6U -3 cm. (r) Shot #9011~, ft~llvablated pellet, brighitJi in fhr

edge, (d) $Aol $90111, two pelletJ, Jcparatcd in arrival time Jv ~30pJcc, The first

to arrive iJ tht more Jlrung/y dej!micd.

. .
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feet. Perturbation of theplaslna sufficieI~t tocnuse loss ofreversd must. beavoidecl,

aa the plaama quickly terminates in that situation.

The electron temperature falls nearly linearly in proportion to the line average

electron density due to a pellet. A best fit to Thomson scattering data (each point
is a single shot) shown in Figure 12(a), predicts that T’,(0) m fi, -’e*l, at the

95% confidence level, for Id = 145 + 15 kA. @O, versus fi, shows cigns of leveling
out at high density. For the same shots but not necesm.rily coincident with the

o B 10 0 t
I#t Il@4 A.m i Ilolgr%‘ ‘0

Figure 12: T. and q ef7ects during pellet injection for nominal 150 i*A dischaqcai
(a) T.(O) plotted W. J/N for with pelkta. (b) Same data a~ in (u), but avernged into

IS bin~. (c) /3., increade~ weaklp with densit~ and malt ~aiumte at high demi:p.
(d) qk incma~e~ with peak ii, due to pcllctd.

Thomson time, we can plot the transient rise in helicity based reoi~tivity versus

the n~axim.m line average ●lectron density ocen on the central FIR interferometer

chord (located at least 60 degreeu toroidally away from the pellet injection port).

A regression on the data yieldrn qk a ftc‘7*’1. Assuming classical resistivity ocaling,

then the tw~ pieces of information together imply that, Z,ft a fI, -OIoe*’B, assuming

cimilar profllem in all casem
The iou temperature ic monitored by ● number of methods, principally Doppler

broadening[30] of CV and OVII, but also with time of flight Deuterium charge

exchange neutrah, ●nd to a lemer extent neutron emission. Figure 13 S11OWSthe
Ion temperature aa measured by the TOF neutral particle spectrometer (A), ●nti
Carbon V Doppler broadening (o). The Thomon scattering central electron tenl-

perature d 8 milliseconds Is T,(O) = 77 + 6 eV, comparable to the 90 ●V ion
tenlperature ●t that time, The electron density, centLal SBD x-ray signal, and four

Da channels in the array, are ~hown as well, TWO pelleto entered the plamma, the
first one curved strongly and Aieldecl the second one, which pellet rated deeply

acrom the column, This is the tame shot as Jhown in the time resolved tangential

vimv photo in Figure n(d). Before the pellet arrives, TI s 200- 250eVi It quickly

falh to * 90-100 ●V, and then recovers in 1-2 IIIOFCtu near 200 eV again! Crudely,
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Figure 13: Reqwn~e to a ~llet. (II) Ion tmnprmtttm mcn~urcd hp TOF deuieriurn

neutmh (A), bv CV Doppler broadening (.), and one point oj T,(O) bp Thom~on
scattering (o),(b) Electron den~itv along +4 cm and +16 cm chord~, (c) Sofi P.ruu

SBD center chord, (d) Pellet~ ~een on the R. army chordd, from 10, 7,5, 5,0, and
-1,$ cm lines of ~ight at the plaama midplane.



it appears thai a limit in poloidal beta is controlling the physics. Int.ereotil]g]y, the

TOF sy~tem shows there are radical changea taking place globaUy in the deuteriurn

recycling flux as a result of the pellet. Near the time of peak density, the TOF
actually han a difficult time getting signals, due to a large drop in neutral emission

at its toroidal location.

For 100~200 kA ramped discharges, where OVII line broadening, neutron rate,
and CV Doppler can be used, the ions have too high a temperature to be measured

with the TOF system (ie,, Ti > 500eV). Neutron ●mission may have a short burst
due to the pellet, but then the rate drops and it does not recover to detectable

leveis during the remainder of the discharge, CV Doppler, which has s~~fficient
photon flux for single shot measurements, S11OWSa rapid fall from 500-600 eV (for

Aft, = 3.9 x 10*em-s) to 150 eV, but then only recovers to the 200-300 eV level.
However, its spatial position in the plasma colu]nn for peak emission is knowl~ to be

moving, hence core temperature infmences are dangerous. A further colnplication

involves possible chanpes in charge ●xc!]ang~ losses, which may remain at ●nhanced

levels after a pellet event, Clearly, further measurements are required to understand

the mechaltisms ~d implications, This actually applies to all parameters lacking
in radial Gr temporal resolution,

V Summary.

We have seen that control of density can be achieved through n combinatiol~ of

wall conditioning, gas puffing and pellet il~jcction, In tile future, diverluro may also

play a role in RFPs in this endeavor, However, the next generation RFPH face the

immediate problem of deafing with the large surface area of 100% graphite armor
walls, in addition to reduced neutral gas penetration] depfhs as T,, R,, and minor

radius all get larger,

On timescaleo of 1 second, the wall recycling can be expected to be even more

critical than in the present pulse Iengtll nlachines. Feedback controlkd gas puffing

will be as commonplace M it is in tokamaks, However, due to higher fi, a (expected

tO bc -- 2-8 ~ l@lm-a ) in ZTH ancl RFX, problems with ●dge refueling arc

likely. Pellet injection at spe~ds of 1-1.5 kln/oec is techllu]ogically at hand, and

appears adequate to do the job. As the particle confinement tinle lengthens at

higher currents, pellets can be launched less frequently. A range of sizes in tl~e
pelleto from- rpf= O S - 2 mm is needed both for purposeo of variable penetration,

and -tacking if desired. The electron drift parameter is ●xpected to be lower in thr

larger machine-, 00 that poloidal deflection of pellcte is less likely to be a problein,

although provisions for side launch 10-15 cm abow the axis arc being made for

ZTH. In the interim, pellets oFer an approach to a clrallrr plaemn, allcl provid? a

unique transient diagnostic probe of many plasma parameters, including possibly

information ubout the RFP revernal layrr,
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